Abstract. Thyroid stimulating hormone (TSH) is known to increase intracytoplasmic cyclic adenosine monophosphate (cAMP) and to regulate the growth of normal follicular cells. The aim of this study was to explore the role of the cAMPmediated signaling pathway stimulated by TSH as a cell growth modulator in human thyroid cancer cells. One papillary thyroid cancer cell line, K1 cells and two anaplastic thyroid cancer cell lines, TTA1 and TTA2 cells were treated with forskolin, which directly activates adenyl cyclase to raise the level of intracellular cAMP. Forskolin suppressed thyroid cancer cell proliferations, especially in K1 cells, in a dosedependent manner and induced growth arrest at the G0/G1 phase of the cell cycle. We also examined the expression of mitogen activated protein kinase (MAPK) after the forskolin treatment. Forskolin reduced the activation of growth factor induced MAPK activity. In conclusion, we demonstrated that forskolin was involved in G1 arrest and MAPK activation in K1 thyroid cancer cells. Our study suggests that the TSH signal mediated by cAMP acts as a negative regulator in thyroid cancer cells, unlike that in normal follicular cells.
Introduction
Thyroid stimulating hormone (TSH), which causes cyclic adenosine monophosphate (cAMP) formation, is involved in thyroid organogenesis, cell differentiation, iodide uptake and triiodothyronine secretion (1, 2) . The stimulated TSH receptor activates adenyl cyclase via a Gs protein at higher concentrations of phospholipase C, leading to increased intracellular cAMP which mediates multiple signaling pathways. Intracellular concentrations of cAMP act to maintain the phenotype of differentiation of thyroid follicular cells, the level of hormonal activity, and cell growth (1) . The same effect as TSH stimulation is achieved by forskolin. Forskolin, which is extracted from vegetation, is a universal activator of adenyl cyclase (3) and induces the accumulation of cAMP in thyroid cells (4) . Forskolin elevates intracellular cAMP or a cAMP analogue which activates the cAMPmediated intracellular signaling pathway of TSH (1) .
Continuous stimulation of the TSH receptor (TSHR) increases the mitotic activity of follicular cells and the number of follicles per thyroid gland (5) , as clinically observed in Graves' disease. Experimentally, TSH stimulates proliferation of thyroid follicular cells in rat and dog (1, 6) . However, TSH does not affect follicular cell proliferation on its own. It requires a high concentration of insulin, in human thyroid cells, or some growth factors (1) . The in vitro effects of TSH on thyroid cell growth may be different depending on race and/or experimental design. Moreover, the effects of TSH on the cell growth seem to clinically differ among thyroid diseases. For the development and progression of thyroid tumors, it has been generally thought that TSH stimulation is necessary (7) . It has also been reported that the TSHR was observed at the basal cell surface in most papillary thyroid cancers, but not in anaplastic thyroid cancers, indicating that thyroid cancers retain the ability to respond to TSH (8) .
The relationship between the cAMP signaling pathway and mitogen activated protein kinase (MAPK) signal transduction induced by various growth factors is still unknown in human thyroid cancer. It was previously reported that TSH activated MAPK in rat thyroid cells (9) ; however, others have reported that there is no synergy between cAMP and MAPK cascades in dog thyrocytes (10) . The proliferation of thyroid cancer cells has been reported to be modulated by various cytokines and growth factors (11 (12) . MAPK activation causing signaling cascades downstream of growth factor receptors has been implicated in the malignant transformation of mammalian cells (12, 13) . The metastin receptor is overexpressed in papillary thyroid cancer and it activates MAPK in thyroid cancer cells (14) . These observations suggest a link between thyroid cancer growth and the MAPK signaling pathway. The aim of this study was to explore the role of the cAMP-mediated signaling pathway of TSH stimulation as a modulator of cell growth in thyroid cancer cells. We examined the effects of elevated levels of cAMP, produced by forskolin stimulation, on the cell proliferation of three thyroid cancer cell lines. We further investigated the interaction of the cAMP and MAPK-mediated signaling pathways. Forskolin inhibited cell growth, induced G1 arrest in human thyroid cancer cells, and reduced phosphorylation of MAPK. Our data indicate that the cAMP pathway functions as a negative regulator in thyroid cancer cells, unlike its stimulatory effects in normal thyroid cells, and suggests that this effect is a part of the MAPK signaling pathway.
Materials and methods
Cell lines and culture. Three human thyroid cancer cell lines, K1 (papillary thyroid cancer, provided by the European Collection of Cell Culture, Wiltshire, UK) (15) and TTA1 and TTA2 (anaplastic thyroid cancers, provided by Tsukuba University, Ibaraki, Japan) (16) were used in this study. K1 cells were cultured in DMEM/Ham F-12 medium (Gibco Life Technologies, Millipore, NY) (1:1, by volume) supplemented with 5% fetal bovine serum (FBS), 1% ITS + (final concentrations were 2% Ultroser G, 2 mM/l glutamine, 5 μg/ml transferrin, 5 ng/ml selenium, 5 ng/ml linoleic acid) (Sigma, St. Louis, MO), 50 U/ml penicillin and 100 μg/ml streptomycin at 37˚C and 5% CO 2 . TTA1 and TTA2 cells were cultured in DMEM supplemented with 10% FBS, 50 U/ml penicillin and 100 μg/ml streptomycin. All cells were cultured in medium supplemented with 5% FBS for 24 h before studies. Human thyroid tissues were obtained from surgically removed thyroid tumors with institutional review approval.
RNA extraction and reverse transcription -PCR.
RNA was extracted from collected cells using the Isogen reagent (Nippon Gene, Tokyo, Japan). The RNA (1 μg) from each cell line was used for cDNA production using an RNA PCR kit (Takara, Kyoto, Japan) with random nonamers in a total volume of 20 μl. The RNA obtained from human thyroid tissues were examined as a control. Aliquots (1 μl) of the reverse transcription products were amplified in 20 μl of reaction buffer containing 0.2 μM of each primer, 1 mM of dNTPs and 5 units Taq DNA polymerase (Promega, Madison, WI). The previously described specific primers for the TSH receptor (17) were used. The amplified products were electrophoresed on 5% non-denaturing polyacrylamide gels in 0.5X Tris-borate EDTA buffer, stained with SYBR Green I, and scanned with fluorimager.
Cell growth assay. Cells were seeded in 96-well microplates at a concentration of 5000 cells per well in DMEM supplemented with 2.5% FBS and cultured for 24 h. The cells were then incubated for an additional 48 h in medium containing forskolin (Sigma), insulin-like growth factor-1 (IGF-1) (PeproTech, Rocky Hill, NJ) and hepatocyte growth factor (HGF) (Techne Corporation, Minneapolis, MN). In this study forskolin was used to increase cytoplasmic cAMP. IGF-1 and HGF were selected to activate tyrosine receptor kinase. After 2 days of culture, cell proliferation of the thyroid cancer cells was determined using the WST-1 assay kit (Roche Diagnostic GmbH, Mannheim, Germany). Cells were incubated for 0, 6, 12, 24 and 48 h with or without 10 -5 M forskolin and then harvested, fixed with 95% ethanol and digested with 0.2 mg/ ml RNase (Sigma). Cells were stained with propidium iodide and examined for changes in the cell cycle distribution using flow cytometry (FACS Calibur 3A, Becton Dickinson, Franklin Lakes, NJ). Statistical analysis was performed using Student's t-test, with p<0.05 considered to be statistically significant.
Western blot analysis. K1 cells were cultured in DMEM medium supplemented with 2.5% FBS and 10 -5 M forskolin for 2 days. IGF-1 or HGF were added, and cells were incubated for 0-120 min. After stimulation by IGF-1 and HGF, cells were solubilized in lysis buffer [62.5 mM Tris/HCl (pH 6.8), 
Results

TSHR expression status in the thyroid cancer cell lines.
Total RNA was extracted from K1, TTA1 and TT2 cells as well as one normal thyroid tissue and two papillary thyroid cancers. RT-PCR was performed to investigate TSHR expression. TSHR was not expressed in the K1, TTA1 and TTA2 thyroid cells, although TSHR was expressed in normal thyroid tissue and papillary thyroid cancer tissues (Fig. 1) .
Forskolin inhibits proliferation of thyroid cancer cells.
To explore the role of the cAMP pathway on thyroid cancer cell proliferation, three thyroid cancer cell lines, K1, TTA1 and TTA2, were cultured with and without the addition of forskolin (0-10 -4 M). Forskolin inhibited proliferation of the K1 and TTA1 cells in a dose-dependent manner (Fig. 2) . In the K1 cells, at 48 h after culture with forskolin cell proliferation was inhibited by 67.9, 50, and 30.9% in 10 -6 M, 10 -5 M, and 10 -4 M forskolin, respectively (p<0.05). The proliferation of TTA1 and TTA2 cells were also inhibited; however, statistically significant differences were seen only at a high concentration of forskolin. A dose-dependent inhibition of cell proliferation was observed in K1 cells. These data suggest that activation of the cAMP pathway by forskolin suppresses cell proliferation in thyroid cancer cell lines. K1 cells were selected for further studies. Table I shows the effect of forskolin on cell cycle. K1 cells were cultured in serum-free medium and then stimulated by FBS. Forskolin significantly induced growth arrest at the G0/G1 phase in K1 cells.
Effects of growth factors on K1 cell proliferation.
We further investigated the effects of growth factors that stimulate signal transduction pathways via receptor tyrosine kinases on thyroid cancer cell growth. The effects of IGF-1 and HGF on K1 cells were analyzed by a cell growth assay. IGF-1 and HGF stimulated K1 cell proliferation at 128.3 and 131.7%, respectively, compared with controls (control versus IGF-1 or HGF: p<0.05) (Fig. 3) . K1 cells were incubated with 10 -5 M forskolin, and IGF-1 or HGF were added. The cell growth was controlled to the same degree of proliferation as control. Interestingly, the cell proliferation induced by IGF-1 and HGF was suppressed with the forskolin treatment.
Effects of forskolin on MAPK signaling pathway in K1 cells.
Since IGF-1 and HGF stimulated K1 cells experienced growth inhibition with forskolin, we next decided to examine the expression of signal transducers. We examined the expression of MAPK after forskolin treatment. After a 12-h treatment with or without forskolin, the K1 cells were stimulated with IGF-1 and HGF. Western blotting revealed that IGF-1 stimulation with 10 -5 M forskolin induced a remarkable reduction in the levels of activated MAPK (Fig. 4) . Similar results were obtained when forskolin-treated K1 cells were stimulated with HGF. However, the phosphorylation of MAPK did not change with HGF stimulation alone. Forskolin inhibited Table I . The effect of forskolin on K1 cell cycle was analyzed by flow cytometry. 
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Data are expressed as mean ± SD percent. a p<0.05 vs. control.
- growth factor induced cell proliferation via phosphorylation of the MAPK signaling pathway.
Discussion
To explore the role of the cAMP-mediated signaling pathway on the proliferation of thyroid cancers, we examined the effects of forskolin on the cell growth of three human thyroid cancer cell lines. We used K1, TTA1 and TT2 cells, which were derived from one papillary thyroid cancer and two anaplastic thyroid cancers, respectively. Generally, it is difficult to establish a cell line from a well-differentiated thyroid cancer, and the K1 is a precious cell line of the papillary thyroid cancer origin. The mRNA of the TSHR was not expressed in K1 cells or in TTA1 and TTA2 cells, although TSHRs are reported to be expressed in most clinical papillary thyroid cancers (18) . Differentiated thyroid cancer respond to TSH stimulation by activating the cAMP cascade that promotes cell growth (19) . In contrast, the expression of the TSHR is markedly decreased in poorly differentiated thyroid cancer (19, 20) . TSHR expression represents a degree of dedifferentiation of the thyroid cancer. The K1 cells might, thus, be dedifferentiated from the original papillary thyroid cancer from which they were derived.
In this study, we demonstrated that the activation of adenylate cyclase induced by forskolin suppresses cell proliferation, especially of K1 cells, in a dose-dependent manner and induced growth arrest at the G0/G1 phase of the cell cycle. Our data is supported by several studies on the effects of cAMP on thyroid cancer cell growth (4, 21, 22) . It was also reported that the proliferation of thyroid cancer cells with re-expressed TSH receptors was inhibited by TSH (21) . These data suggest that the proliferation of thyroid cancer cells might be controlled by the cAMP-mediated signaling pathway of TSH stimulation.
Normal thyroid follicular cells require cAMP to proliferate, and constitutive activation of the cAMP pathway induces thyroid hyperplasia. Thyroid nodules in patient with Graves' disease, who have TSHR-stimulating immunoglobulins, are common and raise concern about coexistent thyroid malignancy. Graves' disease, occasionally coexists with small incidental thyroid cancers (23, 24) . However, a recent study has also reported that the prognosis of small papillary thyroid cancer is more favorable in patients with concomitant Graves' disease than in patients with thyroid cancer alone (24) . The somatic mutations of the TSHR which activate the cAMP cascade were previously reported in autonomous functioning thyroid nodules or adenomas, as in Plummers' disease (25, 26) . Most papillary thyroid cancers are nonfunctioning, and TSHR mutations have not yet been detected (27) . TSH suppression with thyroid hormone is common and established in the management of thyroid cancer (28) . On the other hand, there is little evidence on TSH suppression therapy, especially on low risk grade groups in papillary thyroid cancers (29) .
Another important finding of our study is the competitive interaction between the MAPK-mediated signaling pathway of growth factors and the TSH signal pathway. IGF-1 and HGF significantly promoted the proliferation of K1 cells, which was associated with the phosphorylation of MAPK. Forskolin treatment suppressed the IGF-1-induced cell proliferation and reduced the levels of activated MAPK. Although TSH plays a major role in regulation of thyroid cell proliferation, neoplastic thyroid cell growth can be affected by growth factors such as epidermal growth factor, insulinlike growth factor, basic fibroblast growth factor, plateletderived growth factor and transforming growth factor-α, and by activated oncogenes including RET, BRAF, and the RAS family (12) (13) (14) . To our knowledge, this is the first study linking the cAMP signaling pathway to MAPK signal transduction in human thyroid cancer cells. A TSH-independent mitogenic cascade might remain active in thyroid cancer, and might be retained; therefore, our results could have interesting clinical implications in light of the current anticancer use of MAPK inhibitors. However, the molecular mechanism by which cAMP activation reduces the activation of MAPK should be studied further.
In conclusion, we demonstrated that forskolin notably suppressed cell growth, involved in G1 arrest in K1 thyroid cancer cells and we found forskolin decreased the activation of the MAPK protein, especially in K1 cells derived from papillary thyroid cancer, despite the fact that the expression of the TSHR is lost in K1 cells. 
